Introduction
The c-Myc transcription factor is frequently deregulated in human cancers (Lutz et al., 2002) . c-Myc regulates genes involved in a range of processes, notably cell growth and proliferation (Lawlor et al., 2006) . Progress through the cell cycle is normally closely coupled to cell growth, and c-Myc can coordinate both aspects at a high level to promote expansion of the cell population. The ability of c-Myc to drive direct increases in cell size independently of cell cycle effects has been shown in systems where growth and cell cycle progression are uncoupled (Iritani and Eisenman, 1999; Kim et al., 2000) . One mechanism for this is that c-Myc activates a number of target genes involved in ribosome biogenesis (Schlosser et al., 2003) . Protein synthesis capacity is rate limiting for cell growth, and the coordinated production of ribosomal components in stoichiometric amounts is important for successful ribosome biogenesis (Ruggero and Pandolfi, 2003) ; hence, the ability of c-Myc to stimulate ribosome production helps to account for its ability to promote an increase in cell size. Recent evidence suggests that c-Myc directly activates transcription of genes encoding both the protein and RNA components of the protein synthesis machinery, which are transcribed by RNA polymerases II, and I and III, respectively (Gomez-Roman et al., 2006) .
It has been shown earlier that c-Myc binds to sequences upstream and downstream of the rRNA coding regions in the human rDNA that contain putative c-Myc-binding sites (E-boxes), and recruits RNA polymerase I-related factors to the rDNA genes (Arabi et al., 2005; Grandori et al., 2005) . In this study, we observed that the rDNA promoter and terminator regions are juxtaposed in growing cells. We followed up this observation by characterizing the role of c-Myc in rDNA gene loop formation when serum-starved cells are stimulated to grow.
Results

c-Myc binds to rDNA and directly induces expression of rDNA genes in the rat
To follow up our earlier observation that c-Myc directly activates rDNA transcription (Arabi et al., 2005) , we wanted to use a collection of Rat1-derived cell lines that have been used extensively for earlier studies of c-Myc. Interestingly, there is very low conservation of noncoding rDNA sequences between humans and rats. None of the putative c-Myc-binding sites (E-boxes) are found within conserved sequence contexts, and the number and separation of E-boxes are completely divergent ( Figure 1a ). In Drosophila, the rDNA does not contain E-boxes, but c-Myc activates rDNA transcription by an indirect mechanism (Grewal et al., 2005) , indicating that direct binding of c-Myc to the rDNA might have evolved quite recently.
To determine whether c-Myc can bind to and directly activate the rat rDNA, in spite of the sequence divergence, we performed chromatin immunoprecipitation (ChIP) and transcription analysis in Rat1 fibroblast cell lines. Figure 1b shows that c-Myc binds to rat rDNA both upstream and downstream of the rRNA coding sequences, as has been shown earlier in human cells (Arabi et al., 2005; Grandori et al., 2005) . 1 c-Myc binds to rat rDNA and directly induces rDNA expression (a) The sequence and distribution of E-boxes in the rDNA is strongly divergent between humans and rats. The upper diagram shows human rDNA derived from GeneBank no. U13369, containing the transcribed and untranscribed regions of the rDNA repeat unit. The lower diagram shows rat rDNA, derived from accession numbers X04084, X03838, X61110, X00677, X16321, V01270 and X03695. Dotted sections of the diagram represent regions where rat sequence information is incomplete. Locations of E-boxes are marked with vertical lines. The percentage identity between human and rat sequences is noted for each coding and non-coding section. Horizontal bars represent regions amplified in chromatin immunoprecipitation (ChIP) assays in rat cells, and labels indicate their approximate position relative to the transcription start site (R0). (b) Serum stimulation of starved cells promotes c-Myc binding to sequences upstream and downstream of rat rDNA coding regions. Real-time (RT)-PCR analysis of binding by endogenous c-Myc to the indicated regions of chromatin prepared from serumstimulated HO15.19 (myc À/À ) or TGR1 (myc þ / þ ) rat fibroblasts with or without serum stimulation. The normalized binding shown is the mean of three independent ChIP assays ( ± s.e.). (c) c-Myc is required for efficient serum-induced rRNA transcription. Northern blot analysis of pre-rRNA levels in TGR1 (myc þ / þ ) and HO15.19 (myc À/À ) rat fibroblasts before and after stimulation with serum for 6 h. Ethidium bromide-stained 28S and 18S rRNA are shown as loading controls. (d) Direct activation of c-Myc causes rapid induction of rRNA synthesis. Northern blot analysis of pre-rRNA levels in serum-starved Smoxi4 cells (myc À/À , Myc/ER) stimulated with serum or 4-hydroxytamoxifen (4-HT) for the indicated times. Controls as in (c). (e) c-Myc induces rDNA transcription independent of polymerase II transcription. Northern blot analysis of pre-rRNA from serum-starved Rat1MycER cells stimulated with 4-HT or not for 6 h, in the presence or absence of a-amanitin (2 mg/ml) added 1 h before 4-HT induction. Ethidium bromide-stained 28S and 18S are shown as loading controls. The lower panel shows RT-PCR analysis of mRNA expression of the polymerase II transcribed c-Myc target cyclin D2 in these conditions, showing that a-amanitin inhibited RNA polymerase II activity.
c-Myc induces rDNA gene loops C-N Shiue et al
To confirm that c-Myc induces rDNA transcription directly, we used rat fibroblasts in which endogenous c-Myc is replaced by a c-Myc/ER fusion protein that can be activated by the estrogen receptor ligand 4-hydroxytamoxifen (4-HT). In this system, rDNA transcription is activated within 2 h of 4-HT stimulation (Figure 1d ). When cells were stimulated with serum alone in the absence of c-Myc, activation of transcription was much slower. The rapid response to direct stimulation of c-Myc activity in the absence of serum stimulation suggests that c-Myc directly activates rDNA transcription in rat cells. This was confirmed by pretreating cells with a-amanitin before 4-HT activation of c-Myc/ER to inhibit RNA polymerase II activity and indirect activation of rDNA transcription by proteincoding gene targets of c-Myc. In the presence of aamanitin, rDNA transcription is still induced as a result of c-Myc/ER activation, whereas activation of the RNA polymerase II transcribed c-Myc target gene, Cyclin D2, was strongly inhibited in these conditions (Figure 1e ). We conclude that the role of c-Myc as a direct regulator of rDNA transcription is conserved in spite of the sequence divergence in the non-coding rDNA in rats compared with humans.
c-Myc induces association of RNA polymerase I and TATA-binding protein to regions downstream of the transcription termination site as well as to the promoter To further characterize the mechanism by which c-Myc activates rDNA transcription, we studied c-Myc-dependent recruitment of transcription complex components to the rDNA. Figure 2a shows that c-Myc is required for efficient recruitment of RNA polymerase I (RPA 194) and of the TATA-binding protein (TBP) to sequences upstream of the rRNA coding regions on serum stimulation. TBP is a component of the RNA polymerase I-specific factor, SL1/TIF-1B (Comai et al., 1992) . Recruitment of RNA polymerase I and 
were stimulated with serum and ChIP assays performed as above, followed by PCR analysis using primers specific for the indicated genes. X represents the beads only control for the immunoprecipitation.
c-Myc induces rDNA gene loops C-N Shiue et al associated factors to sequences upstream of the main promoter probably reflects the presence of a secondary promoter in this upstream region (Cassidy et al., 1987) . The binding of TBP to the R þ 1 region is consistent with an earlier study showing binding of SL-1 within the transcribed region (Mais et al., 2005) , but it should also be noted that other studies have not identified TBP binding within the transcribed region (Grandori et al., 2005) . The level of recruitment to the promoter and upstream enhancer is markedly lower in myc À/À cells, although there is still significant recruitment on serum stimulation even in the absence of c-Myc.
As expected, the levels of RNA polymerase I and TBP found immediately downstream of the transcription termination site (R þ 13) were lower than those in the promoter and upstream regions. Surprisingly, however, we observed strong association of both RNA polymerase I and TBP further downstream of the rRNA transcription termination site (R þ 17) in serum-stimulated, c-Myc-expressing cells ( Figure 2a) . Furthermore, Figure 2b shows that direct c-Myc activation by 4-HT in Myc/ER-expressing cells induces a similar pattern of RNA polymerase I and TBP binding to the rDNA. Neither RNA polymerase I nor TBP binds to control genes in the same conditions ( Figure 2c ). The c-Mycdependent association of RNA polymerase I and TBP to non-transcribed sequences downstream of the rRNA transcription unit has not been observed earlier and we therefore decided to investigate this aspect further.
c-Myc induces formation of rDNA gene loops Given the well-characterized role of TBP as a factor involved in transcriptional initiation (Friedrich et al., 2005) , we speculated that the downstream signal could result from the physical juxtaposition of upstream and downstream rDNA regions during rDNA transcription rather than from the direct association of TBP with DNA in the downstream region. To determine whether such gene loops are formed in rDNA, we used the chromosome conformation capture (3C) technique (Splinter et al., 2004) , which identifies restriction enzyme-cleaved ends of DNA that can be efficiently ligated to each other by virtue of their close proximity in higher order chromatin structures. Chromatin preparations from growing cells were cleaved with HindIII or BamHI and ligated under dilute conditions under which only closely juxtaposed cohesive ends can be joined. Ends that are juxtaposed were then identified by PCR using combinations of primer pairs that span the different restriction enzyme cleavage sites. The location of cleavage and primer sites on the rat rDNA is shown in Figure 3a . Figure 3b shows fragments amplified by different primer combinations after cleavage with the different enzymes and ligation. For many primer pairs, no specific fragment is amplified, as expected for DNA regions that are not juxtaposed by a higher order chromatin structure. However, DNA ends associated with fragments containing upstream and downstream regions can be ligated after cleavage with each of the enzymes leading to the amplification of the ligated products (primer sets 1 þ 8, 2 þ 5, 2 þ 6, 2 þ 7). Importantly, all the positive signals are dependent on the addition of DNA ligase to the ligation reactions (Àligase lanes) and are strongly reduced if the conservation of chromatin structures during extract preparation is compromised by omission of the formaldehyde crosslinking step (ÀFA lanes). We conclude that the rDNA in growing cells forms a higher order chromatin structure in which the upstream and downstream regions of rDNA genes are juxtaposed.
We used the 3C technique to determine whether gene loop formation is associated with activation of rDNA gene expression when starved cells are stimulated to grow by serum. Figure 3c shows that juxtaposition of upstream and downstream rDNA sequences is induced in response to serum treatment in the presence of c-Myc. Gene loop formation was not detectable in c-myc À/À cells (HO15.19) stimulated with serum, suggesting that c-Myc is required for efficient gene loop formation on growth stimulation.
We wondered whether direct activation of c-Myc in starved cells is sufficient to induce gene looping, and whether loop formation is a direct result of c-Myc induction or a consequence of enhanced rDNA transcription. Figure 3d shows that 4-HT treatment of starved c-Myc/ER-containing cells also causes rDNA gene looping and therefore activation of c-Myc is sufficient for gene loop induction in the absence of serum stimulation. Pretreatment with actinomycin-D to inhibit rDNA transcription did not inhibit gene loop formation (Figure 3d ). Therefore, c-Myc-induced gene looping in the rDNA is not dependent on enhanced levels of rDNA transcription, and thus may be a cause of induced transcription rather than its consequence. Figure 3e shows that the actinomycin-D treatment effectively inhibits rDNA transcription under the conditions used.
c-Myc induces rapid formation of multiple juxtaposed rDNA loops A causative role of gene looping in rDNA activation would require rapid gene loop formation as c-Mycinduced rDNA transcription is observed 2 h after c-Myc activation (see Figure 1d ). Figure 4b shows that rDNA gene loops are fully induced by 30 min after c-Myc activation, using the primer pairs indicated in Figure 4a . We conclude that induced rDNA gene looping is a rapid consequence of c-Myc activation consistent with a causative role in the induction of rDNA transcription.
While this manuscript was in preparation, an independent study reported a role of the TTF-1 protein in the formation of higher order rDNA structure (Nemeth et al., 2008) . TTF-1 is a multifunctional protein that binds the rDNA in both upstream and downstream regions and is required for rDNA transcription. To determine whether the roles of c-Myc and TTF-1 in rDNA chromatin conformation changes might be related, we tested whether c-Myc activation influenced the association of TTF-1 with rDNA. The direct (Figure 4c) . We conclude that c-Myc and TTF-1 play related roles in the rDNA chromatin conformation changes that are associated with growth stimulation. To further probe the role of c-Myc as a direct regulator of rDNA gene loop formation, we used the ChIP-loop technique to determine whether c-Myc is physically associated with rDNA gene loops. Figure 4d shows that c-Myc antibodies precipitate a chromatin fraction that contains the portion of rDNA gene loops containing juxtaposed upstream and downstream sequences.
The repetitive nature of the rDNA genes suggests that gene looping might involve the formation of hubs from which multiple gene loops emanate. To determine whether c-Myc induces hubs containing two or more rDNA gene loops, we used a 3C primer that spans the ligatable junction between two identical promotercontaining fragments (Figure 4a, lower diagram) . c-Myc induces rDNA gene loops C-N Shiue et al Figure 4e (left panel) shows that 3C assays using this primer ('A') generate a specific PCR product that is ligase dependent and requires the preservation of higher order chromatin structure by formaldehyde. The juxtaposed gene loops detected by the PCR product are induced by serum stimulation of starved cells and induction is completely dependent on c-Myc activity (Figure 4e , right panel), as shown by the inhibitory activity of the 10058-F4 small molecule inhibitor of Myc-max heterodimerization (Yin et al., 2003) . We conclude that c-Myc induces formation of sets of two or more rDNA gene loops that originate from the same hub.
Discussion
The growth potential of a cell is limited by its capacity to synthesize ribosomes in the nucleolus. c-Myc has been shown to induce the expression of ribosomal and other nucleolar proteins (Schlosser et al., 2003) including transcription factors critical for rDNA expression (Poortinga et al., 2004) , as well as directly inducing rRNA transcription by RNA polymerase I (Arabi et al., 2005; Grandori et al., 2005) and RNA polymerase III (Gomez-Roman et al., 2003) . This coordination of processes contributing to ribosome biogenesis is likely to be an important aspect of its ability to promote cell growth. In this report, we show that c-Myc promotes the formation of gene loops in the rDNA that are likely to be part of the mechanism by which it enhances rRNA expression and therefore promotes ribosome biogenesis and cell growth. The direct induction of rDNA expression by c-Myc is conserved in rat cells as well as human cells, despite the extensive divergence of rDNA control sequences between the two species. We used a rat fibroblast model system with varying c-Myc status to show that c-Myc induces the formation of gene loops in the rDNA, where the upstream regions become juxtaposed with the regions downstream of the terminator sequences. This occurs very rapidly after the induction of c-Myc, is still seen when c-Myc is activated specifically in an inducible system, and does not depend on intact rDNA transcription, suggesting that it may be an early event in the mechanism by which c-Myc activates rDNA transcription.
The mechanism of transcriptional activation by c-Myc has not been fully characterized. One aspect is recruitment of chromatin modifying factors and components of the polymerase complex (Arabi et al., 2005 and this study). Many factors recruited by c-Myc are common between RNA polymerase II-and RNA polymerase I-regulated genes (Arabi et al., 2005) . To our knowledge, induction of gene loops is a novel aspect of c-Myc-dependent gene activation.
Juxtaposition of upstream and downstream regions causes gene loops in several RNA polymerase II transcribed genes in yeast (O'Sullivan et al., 2004) , and is thought to facilitate transcriptional re-initiation by passing newly terminated RNA polymerases back to the promoter (Ansari and Hampsey, 2005) . There have been several reports of looped gene structures in mammalian cells; however, we are not aware of any reports of direct induction by a mammalian transcription factor of loops that juxtapose the promoter and terminator region of a target gene. An important role of gene looping has been shown to be the control of transcriptional activity in clusters of overlapping genes (reviewed by de Laat and Grosveld 2003). The most studied example of this is the globin locus, which is regulated by the transcription factor SATB, which binds to several sites within the cluster and restructures the locus into an active chromatin hub (Seo et al., 2005) . Binding of c-Myc to multiple (identical) repeats of the rDNA may bring about an analogous situation, and this possibility is supported by our observation that multiple Mycdependent loops are attached to the same point. It is possible that RNA polymerase II transcribed genes are activated by similar mechanisms, but the large clusters of tandemly repeated rDNA genes make it easier to observe changes in higher order chromatin structure in this system.
Historically, it was reported that the upstream and downstream control regions of the rDNA were both attached to the nuclear matrix in actively growing cells, but not in cells arrested in G 0 by serum starvation, leading the investigators to speculate that gene looping was involved in the activation of rDNA expression (Keppel, 1986) . In agreement with this and with our observations, while this manuscript was in preparation, Nemeth et al. (2008) reported that the stimulation of starved mouse fibroblasts with serum led to the formation of rDNA gene loops, and that this looping was dependent on TTF-I. Here, we show that the activation of c-Myc is sufficient to promote the conversion of linear rDNA genes, shown by Ne´meth et al., to be less transcriptionally active, to the more active looped form, and that this loop formation does not occur efficiently in the absence of c-Myc. c-Myc is also capable of recruiting TTF-I to the rDNA and preliminary data suggest that TTF-I is physically associated with the looped fraction of rDNA genes. It is therefore likely that c-Myc and TTF-1 play overlapping roles in converting chromatin to an active higher order structure. A simple possibility is that the role of c-Myc is to recruit TTF-1 to its binding sites in the promoter and transcription termination regions, but the full nature of the inter-relationship between c-Myc and TTF-1 remains to be determined.
Regulation of gene loops by c-Myc may represent an important link between higher order chromatin structures and short-term control of transcription. Nucleolar morphology is used as an important histological marker in the diagnosis and staging of tumors, and in some cancer types c-Myc overexpression is correlated with altered nucleolar morphology and poor prognosis (Fischer et al., 2004; Bukhari et al., 2007) . Nucleolar morphology itself depends on rDNA gene structure and transcription (Hernandez-Verdun et al., 2002; Grummt 2003; Shav-Tal et al., 2005) . Given the large number of tandemly repeated rDNA genes, Myc-dependent loops in the rDNA could drive the changes in nucleolar morphology accompanying growth factor stimulation of rDNA transcription and cell growth.
Our results suggest a model in which c-Myc-induced gene looping within the rDNA repeats forms part of the pathway by which rDNA transcription is reprogrammed when activated quiescent cells enter the growth cycle. Quiescent cells contain essentially undetectable levels of c-Myc. On growth stimulation, there is a rapid pulse of c-Myc expression that subsequently falls back to the low but detectable levels associated with growing cells (Dean et al., 1986; Sears, 2004) . It is therefore likely that c-Myc has some functions that are specific to the transient pulse in its expression when quiescent cells enter the cell cycle. Indeed, it has been suggested that the key effect of c-Myc may be to determine whether or not cells commit to cell cycle entry and proliferation (Holzel et al., 2001) . One transient role for c-Myc at cell cycle entry could be the establishment of rDNA gene loops as part of a nucleolar reorganization process that is required for the increased rate of ribosome biogenesis associated with growing cells. The relationships between ribosome production, cell growth and ultimately proliferation are not fully understood, but it is possible that a c-Mycdriven increase in cell mass may be an early event in tumorigenesis. It will thus be of key importance to further understand the role of c-Myc in nucleolar structure and function.
Materials and methods
Cell lines, culture conditions and chemical treatments Rat fibroblasts expressing MycER (Rat1MycER) (Littlewood et al., 1995) , the parental cell line Rat1c-myc þ / þ (clone TGR1), Rat1c-myc À/À (clone HO15.19) (Mateyak et al., 1997) and Smoxi 4 (H015.19-MycER) (Holzel et al., 2001) were maintained in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum (Gibco, Invitrogen AB, Lidingo¨, Sweden) and 0.1% (v/v) gentamycin (Gibco) at 37 1C in a 5% CO 2 atmosphere. In starvation/refeeding experiments, cells were grown to confluence and starved in Dulbecco's modified Eagle's medium without fetal bovine serum for 3 days, and then either left untreated or incubated with 200 nM 4-HT (Sigma-Aldrich Sweden AB, Stockholm, Sweden) or Dulbecco's modified Eagle's medium containing 10% fetal bovine serum for the indicated times. For actinomycin-D (Sigma-Aldrich Sweden AB) or a-amanitin (Sigma-Aldrich Sweden AB) treatment, the final concentration of 2 mg/ml was added to culture medium 1 h before 4-HT induction of c-Myc. For 10058-F4 (Calbiochem, San Diego, CA, USA) treatment, the final concentration of 60 mM was added to the medium before stimulation with serum.
Northern blotting
Total cellular RNA was extracted from rat fibroblasts using the RNeasy Mini kit (Qiagen gMBh, Hilden, Germany) as recommended by the manufacturer. A quantity of 10 mg of cellular RNA was resolved on 1% agarose gels containing formaldehyde (Sigma-Aldrich Sweden AB) (1 ml 37% stock/ 20 ml agarose gel), and transferred to Hybond N membrane (Amersham, GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Rat 45S pre-rRNA was detected using a radiolabeled probe that hybridizes to the 5 0 -terminal part (nucleotides 2-201) of rat rRNA. The radiolabeled probe was synthesized by Rediprime II random prime labeling system (Amersham). Primer sequences used to synthesize the hybridization probe were: forward TATCACCATGGCCTCC;TCGG (43-64, GeneBank no. x04084), reverse CATGGACCTCTATATACG AC (243-262, GeneBank no. x04084). The hybridization images were captured and quantified using an FLA-3000 phosphoimager system (Fujifilm).
Reverse transcription-PCR Total cellular RNA was isolated from the serum-deprived Rat1MycER fibroblasts treated or not with 4-OHT for 6 h. One microgram of total RNA was subjected to reverse transcription-PCR with the One-step RT-PCR kit (Qiagen gMBh) following the manufacturer's instructions, using rat cyclin D2 (GeneBank no. NM 022267) primer pair: forward, TTACCTGGACCGTTTCTTGG (243-262); reverse, TGCT CAATGAAGTCGTGAGG (463-482) at a final concentration of 3.3 mM, and rat 28S rRNA (GeneBank no. V01270) primer pair: forward, ACGGACCAAGGAGTCTAACGCG TG (5086-5109); reverse, CCAGAGTTTCCTCTGCTTCG (5313-5332) at a final concentration of 0.16 mM in the total volume of 50 ml. The amplification procedures consisted of reverse transcription at 50 1C for 30 min, initial denaturation at 95 1C for 15 min, 35 cycles of denaturation (94 1C for 50 s), annealing (62 1C for 50 s) and extension (72 1C for 1 min). The amplified products were separated through gel electrophoresis in 1.5% agarose gel.
ChIP assays
Preparation of nucleoli from cells fixed with 1% formaldehyde and sonication of nucleolar chromatin were carried out as described earlier (O'Sullivan et al., 2002) with little modification. The average length of sonicated nucleolar chromatin ranges from 500 bp to 1 kb. We used antibodies specific for Myc (N-262, sc-764), SL1 (TBP, N-12, sc-204), polymerase I (RPA 194, N-16, sc-17916 ) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After overnight incubation at 4 1C, 30 ml of a 50% slurry of salmon sperm DNA/protein-G agarose beads (Upstate, Lake Placid, NY, USA) was added, and the mixtures were rotated at 4 1C for 1 h. The DNA-protein complexes were eluted twice from the beads with 250 ml of buffer containing 0.1 M NaHCO3 and 1% SDS. After reversal of the crosslinks by incubation at 65 1C overnight, proteinase K and RNase treatment, extraction with phenol-chloroform and ethanol precipitation, the recovered DNAs were resuspended in 200 ml of dH 2 O for real-time PCR analysis.
Quantitative PCR assays DNA samples recovered from ChIP assays were used as templates in real-time PCR using an MyiQ single color realtime PCR detection system (Bio-Rad Laboratories AB, Sundbyberg, Sweden), and samples from individual ChIP assays were analysed in triplicate. Each PCR mixture contained 5 pmol of each primer, 5 ml (5/200) DNA templates in a final volume 25 ml of 1 Â iQ SYBRGreen Supermix (BioRad Laboratories AB). Input DNA was diluted 1:10 before analysis. The cycling program was set as follows: denature at 95 1C for 5 min, followed by 50 cycles of 95 1C for 30 s, 63 1C for 30 s and 72 1C for 40 s, and then an extension at 72 1C for 7 min. The cycle threshold was set within the linear range of all PCRs. The fold enrichment was calculated relative to the input DNA for each primer set. The sequences and locations of c-Myc induces rDNA gene loops C-N Shiue et al primer sets corresponding to rat ribosomal RNA and negative control sequences are available on request.
Chromosome conformation capture
The procedure for 3C technique has been described in detail earlier (Splinter et al., 2004) . Briefly, cells were crosslinked using 2% formaldehyde (Sigma-Aldrich Sweden AB) at room temperature for 10 min. Crosslinking was stopped by the addition of glycine at a final concentration of 0.125 M for 5 min. Cells were pelleted and intact nuclei were resuspended in nucleus lysis buffer (Sigma-Aldrich Sweden AB) containing protease inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). The relative concentration of the chromatin solutions was estimated by isolating DNA from a sample and by measuring DNA concentration. Appropriate amounts of restriction enzymes BamHI, HindIII (New England Biolabs, Hitchin, UK) (12 U/mg DNA) were used for digestion overnight. After ligation, crosslinking was reversed and DNA extracted by phenol/chloroform before precipitation by ethanol. DNA pellets were dissolved in 100 ml of 10 mM Tris (pH 8.0). Control templates for the 3C assay were generated by the following approaches: DNA fragments containing the BamHI or HindIII cutting site were amplified by PCR with a specific primer set, purified by gel extraction, and then digested with restriction enzyme and ligated. The PCR conditions were standardized to 40 cycles of 95 1C for 30 s, 61.1 1C for 30 s and 72 1C for 40 s, followed by 72 1C for 10 min. Sequences of primers used for 3C assay are available on request.
ChIP-loop
With minor modifications, we combined ChIP and the 3C assay to perform the ChIP-loop assay as described earlier (Kumar et al., 2007) . Briefly, 2% formaldehyde crosslinked chromatin was sonicated in low stringency conditions, and was digested with the restriction enzyme BamHI overnight. After heat inactivation of restriction enzymes, the reaction mixtures were diluted threefold and ligated using T4 DNA ligase overnight at 16 1C. The crosslinked chromatin fragments were immunoprecipitated with anti-Myc antibodies (N-262, sc-764) or with beads alone overnight at 4 1C. The procedures for incubating with protein-G agarose beads and reversing crosslinking of immunoprecipitated samples were as for the ChIP assay above.
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